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Myoblast fusion is a key process in multinucleated muscle formation. Prior to fusion, myoblasts recognize
and adhere to each other with the aid of cell-adhesion proteins integrated into the membrane. Their
intracellular domains participate in signal transduction by binding to cytoplasmic proteins. Here we
identiﬁed the calcium-dependent cell-adhesion protein N-cadherin as the binding partner of the guanine-
nucleotide exchange factor Schizo/Loner in Drosophila melanogaster. N-cadherin was expressed in founder
cells and fusion-competent myoblasts of Drosophila during the ﬁrst fusion phase. Our genetic analyses
demonstrated that the myoblast fusion defect of schizo/loner mutants is rescued in part by the loss-of-
function mutation of N-cadherin, which suggests that Schizo/Loner is a negative regulator of N-cadherin.
Based on our ﬁndings, we propose a model where N-cadherin must be removed from the myoblast
membrane to induce a protein-free zone at the cell–cell contact point to permit fusion.
& 2012 Elsevier Inc. All rights reserved.Introduction
Cell–cell fusion is an important type of membrane fusion that
occurs during development, e.g., fertilization, myogenesis and
osteoclast formation (Chen et al., 2007; Oren-Suissa and
Podbilewicz, 2007, 2010). Similar to intracellular vesicle fusion,
the separate lipid bilayers of the two plasma membranes must
merge and unite. Fusion of most biological membranes is pre-
ceded by intermediate stages of fusion: hemifusion, stalk and
fusion pore formation (reviewed by Chernomordik and Kozlov,
2008; Marsden et al., 2011).
But how are the two membranes brought into proximity so
that fusion can occur? Diverse transmembrane proteins essential
for cell–cell fusion might fulﬁl this function. Some of these also
possess fusogenic characteristics, meaning that they are
expressed in fusing cells and that their ectopic expression can
induce fusion of cells that normally do not undergo fusion (see
Oren-Suissa and Podbilewicz, 2007). Biological membranes are
normally packed with membrane proteins. However, it is believed
that after the initial contact, the fusion zone becomes protein-free
and the transmembrane proteins that initiated the contact move
radially away (reviewed by Martens and McMahon, 2008).ll rights reserved.
.-F. O¨nel).During embryonic skeletal muscle development, mononu-
cleated myoblasts fuse to form multinucleated muscle ﬁbres.
The fusion of myoblasts is also essential during postnatal devel-
opment for muscle growth and repair. During this process, muscle
stem cells, so-called satellite cells, on the muscle ﬁbres become
activated, differentiate and fuse. Similar to skeletal muscles,
Drosophila melanogaster muscles arise through the fusion of
mononucleated myoblasts. Many genes required for myoblast
fusion in Drosophila have been identiﬁed (reviewed by Chen and
Olson, 2004; O¨nel and Renkawitz-Pohl, 2009; Gildor et al., 2010;
Haralalka and Abmayr, 2010; Rochlin et al., 2010; O¨nel et al.,
2011). Recent studies indicate that some aspects of the molecular
mechanism of fusion are conserved between Drosophila and
vertebrates (Pajcini et al., 2008; Srinivas et al., 2007; Nowak
et al., 2009; Sohn et al., 2009; Vasyutina et al., 2009).
Drosophila myoblast fusion depends on two distinct myoblast
types: founder cells (FCs), which determine muscle identity, and
fusion-competent myoblasts (FCMs). Speciﬁc transmembrane
proteins of the immunoglobulin (Ig) superfamily mediate the
recognition and adhesion of both myoblast types. The Ig-domain
proteins Dumbfounded (Duf; also known as Kirre) and its paralog
Roughest (Rst; also known as IrreC) function redundantly in FCs
(Ruiz-Gomez et al., 2000; Stru¨nkelnberg et al., 2001). Duf hetero-
typically binds the Ig-domain protein Sticks and Stones (Sns)
expressed on FCMs (Bour et al., 2000). In the absence of Sns,
fusion of many FCMs is severely disrupted. However, in some
muscle groups, the Sns paralog Hibris (Hbs; Artero et al., 2001;
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(Shelton et al., 2009).
The Ig-domain proteins form a ring-like structure at cell–cell
contact points (Kesper et al., 2007; Sens et al., 2010; reviewed by
Rochlin et al., 2010 and O¨nel et al., 2011). The diameter of the ring
structure ranges between 1 and 5 mm, with 5 mm being the
diameter of a myoblast (Kesper et al., 2007). The Ig-domain
proteins serve as a platform for the assembly of a transient cell-
adhesion complex, called Fusion-Restricted Myogenic-Adhesive
Structure (FuRMAS). The FuRMAS shares structural features with
other transient adhesion structures, such as podosomes, invado-
podia and the immunological synapse (Kesper et al., 2007; O¨nel
and Renkawitz-Pohl, 2009; Sens et al., 2010; Haralalka et al.,
2011). A prominent feature of the FuRMAS is its F-actin-rich core
that depends on Arp2/3-based actin polymerization (Kesper et al.,
2007; Kim et al., 2007; Massarwa et al., 2007; Richardson et al.,
2007; Scha¨fer et al., 2007; Berger et al., 2008; Gildor et al., 2009).
The cadherin family has been implicated in adhesion and fusion
of mammalian myoblasts (reviewed by Krauss, 2010). Neuronal
(N-) cadherin (Duband et al., 1987; Hatta et al., 1987; Fredette et al.,
1993) and muscle (M-) cadherin (Donalies et al., 1991; Moore and
Walsh, 1993; Irintchev et al., 1994) are expressed in developing and
regenerating muscles. However, fusion can still occur in myoblasts
mutant for N- or M-cadherin (Charlton et al., 1997; Hollnagel et al.,
2002). These observations have led to the proposal that N-cadherin
and M-cadherin are redundant. The Drosophila genome encodesFig. 1. Schizo/Loner function is required in both FCs and FCMs. (A–C and F–H) Late
myoblasts and multinucleated muscles. (A) Wild-type embryo. (B) Homozygous stage 15
defect. (D) Localization of the cell-adhesion protein Duf at cell–cell contact points in w
mutant muscle phenotype by speciﬁc expression of schizo in FCs and (G) in growin
transcription driven by twist-GAL4.three classical cadherins, referred to as epithelial (E-) cadherin
(Shotgun), N-cadherin (CadN) and N-cadherin2 (CadN2) (Hill et al.,
2001), but no M-cadherin. The function of these three cadherins in
fusion of myoblasts has not been assessed.
In the present study, we identiﬁed Drosophila N-cadherin as an
interaction partner of the guanine-nucleotide exchange factor (GEF)
Schizo/Loner by using a yeast two-hybrid screen. We showed that
schizo/loner and N-cadherin interact genetically. Surprisingly, the
major fusion deﬁcit observed in schizo/lonermutant embryos was in
part rescued by the loss of N-cadherin. A similar rescue of schizo/
loner was observed in embryos that express the activated form of
the d-Arf1-GTPase. Based on our previous ﬁndings that Schizo/
Loner serves as a regulator via Dynamin-dependent endocytosis
during commissure formation (O¨nel et al., 2004), we blocked endo-
cytosis by expressing dominant-negative Dynamin in myoblasts,
but we failed to generate a schizo/loner-like phenotype. Thus,
we propose that N-cadherin is regulated in a Schizo/Loner- and
d-Arf1-dependent manner that does not require Dynamin.Results
Identiﬁcation of N-cadherin as a Schizo/Loner interaction partner
To investigate the function of Schizo/Loner during myoblast
fusion, we used the schizo (siz) alleles sizC1–28 and sizU112 identiﬁedral view of stage 15/16 embryos stained with anti-b3-Tubulin to show unfused
sizC1–28 and (C) stage 16 sizU112 mutant embryos showing a strong myoblast fusion
ild-type embryos and (E) sizC1–28 mutant embryos. (F) Partial rescue of the sizC1–28
g myotubes/FCMs. (H) Full rescue of the sizC1–28 mutant phenotype with schizo
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myoblast fusion (Fig. 1B and C; Figure S4) compared to the wild-
type (Fig. 1A). To exclude that myoblasts fail to recognize and
adhere in the used siz alleles and to analyse whether Ig-domain
proteins are still able to form a ring-like structure, we stained wild-
type (Fig. 1D) and homozygous sizC1–28 mutant embryos with anti-
Duf (Fig. 1E). These data indicated that cell recognition and adhesion
as well as ring formation occur in schizo/loner mutants. Based on
conﬂicting reports on Schizo/Loner protein localization placing
Schizo/Loner speciﬁcally in FCs (Chen et al., 2003) or in FCs and
FCMs (Richardson et al., 2007), we next determined in which
myoblast population Schizo/Loner functions. Therefore, we per-
formed myoblast type-speciﬁc rescue experiments by employing
the UAS/GAL4 system (Brand and Perrimon, 1993). The expression
of Schizo/Loner with the FC-speciﬁc driver line rP298-GAL4 induced
some fusion events, but the muscle pattern was not restored to
wild-type (Fig. 1F, arrow). Muscle formation in homozygous sizC1–28
mutant embryos was restored more when Schizo/Loner was
expressed speciﬁcally in FCMs with sns4,5-GAL4 (Fig. 1G, arrow).
An almost complete rescue was obtained when Schizo/Loner was
expressed in both myoblast populations with twist-GAL4 (Fig. 1H).
From these data, we concluded that Schizo/Loner function is
required in both FC and FCM myoblast types.
To identify Schizo/Loner binding partners that might function
with Schizo/Loner during myoblast fusion and to shed more light
on its function, we used a global yeast two-hybrid screen. The
schizo/loner gene generates at least two proteins containing three
conserved domains (Fig. 2A): a calmodulin-binding motif (IQ) at
the N-terminal region, a central Sec7 domain and a pleckstrin
homology domain (PH) (Chen et al., 2003; O¨nel et al., 2004). The
Sec7 domain consists of 200 residues that catalyse nucleotide
exchange with members of the ADP-ribosylation factor (Arf)
family (Chardin et al., 1996), which is a subfamily of the Ras
superfamily. For the yeast two-hybrid assay, we used the ﬁrst 759
amino acids of Schizo/LonerP2 deduced from the LP01489 cDNA
(O¨nel et al., 2004; Fig. 2A), which lack the conserved Sec7 and PH
domains, as a bait protein and screened a Drosophila embryonic
cDNA library. We identiﬁed a cDNA clone containing amino acids
2941 to 3097 of the intracellular domain of N-cadherin as a potential
Schizo/Loner interaction partner (Fig. 2A, sectors 1 and 2). Addition-
ally, we screened genetic modiﬁers in the Drosophila eye to identify
genetic interaction partners of schizo/loner. Also this screen resulted
in the identiﬁcation of N-cadherin as a potential genetic interaction
partner of schizo/loner (Figure S1).
To rule out that N-cadherin is a false positive, we conﬁrmed
the direct interaction between Schizo/Loner and the intracellular
domain of N-cadherin using the bimolecular ﬂuorescence com-
plementation assay (BiFC) in transgenic ﬂies and in living Droso-
phila SL2 cells (Fig. 2B–G). The BiFC assay is based on the ﬁnding
that split, nonfunctional ﬂuorescent protein fragments such as
GFP and YFP can reconstitute a functional ﬂuorescent protein
when fused to interacting proteins. This assay is widely used for
testing direct protein interactions in cultured cells (Kerppola,
2008). The assay has been used successfully in Drosophila adult
tissues and during embryogenesis with split yellow ﬂuorescent
protein (YFP) fragments (Plaza et al., 2008; Gohl et al., 2010;
Hudry et al., 2011). For the BiFC assay, we cloned the ﬁrst 157
amino acids of YFP (N-YFP) into the Drosophila pUAST vector with
an HA tag as a linker (Fig. 2B). Amino acids 158–203 (C-YFP) were
cloned into the pUAST vector with a Myc tag as a linker (Fig. 2B).
To investigate the interaction of Schizo/Loner and CadNintra in
fusing myoblasts, we cloned the intracellular domain of N-cad-
herin (CadNintra) into the N-YFP vector and Siz1–759aa into the
C-YFP vector. The constructs were used to generate transgenic
ﬂies expressing a single copy of these constructs in all myoblasts
using the Mef2-GAL4 driver line. YFP ﬂuorescence in embryosexpressing N-YFP–CadNintra and Siz1–759aa–C-YFP was detected
using an anti-GFP antibody (Fig. 2C). YFP ﬂuorescence was not
detected using the anti-GFP antibody in embryos expressing
either N-YFP–CadNintra or Siz1–759aa–C-YFP alone (data not
shown), which indicated that the signal obtained with embryos
expressing N-YFP–CadNintra and Siz1–759aa–C-YFP is due to the
interaction of the two proteins during myogenesis.
Next, we co-transfected Drosophila SL2 cells with the empty
N-YFP and C-YFP vectors. No YFP ﬂuorescence reconstitution was
observed in these cells (Fig. 2D). The reconstitution of YFP
ﬂuorescence also failed when we co-transfected cells with both
the N-YFP vector containing the intracellular domain including
the transmembrane domain of N-cadherin (CadNTMintra) and the
empty C-YFP vector (Fig. 2E) or with both the C-YFP vector
containing the Siz1–759aa fragment from the yeast two-hybrid
assay and the empty N-YFP vector (Fig. 2F). However, co-transfec-
tion of SL2 cells with N-YFP–CadNTMintra and Siz1–759aa–C-YFP
reconstituted the YFP ﬂuorescence (Fig. 2G). Taken together, the
results from the BiFC assays conﬁrmed the hypothesis that
Schizo/Loner directly interacts with N-cadherin.
A region of 207 amino acids at the N-terminal part of Schizo/Loner
mediates the interaction with the intracellular domain of N-cadherin
We next aimed to narrow down the region in Schizo/Loner to
which the intracellular domain of N-cadherin binds. We con-
structed Siz1–358aa and Siz353–759aa fragments and tested whether
they interact with the intracellular domain of N-cadherin in a yeast
two-hybrid assay. N-cadherin bound to Siz1–358aa (Fig. 2A, sector 3)
but not to Siz353–759aa (Fig. 2A, sector 5). IQ motif included in
Siz1–358aa was not involved in the binding of N-cadherin, as shown
by binding of SizDIQ(1–323þ354–753) to N-cadherin in the yeast two-
hybrid assay (Fig. 2A, sector 4). Taken together, these results
indicated that the Schizo/Loner region mediating binding to N-cad-
herin lies in the 323 N-terminal amino acids. To narrow the region
down further, we used the fragment SizP11–370aa in the yeast two-
hybrid assay (data not shown). SchizoP1 and SchizoP2 differ in the
ﬁrst 116 amino acids but retain the conserved domains (O¨nel et al.,
2004). Also SizP11–370aa was able to bind to the intracellular domain
of N-cadherin (data not shown). Since SizP11–370aa also includes the
IQ motif (31 amino acids), we concluded that the remaining shared
207 amino acids in the N-terminal region of SchizoP1 and SchizoP2
are essential for N-cadherin binding (Fig. 2A, red line).
N-cadherin is expressed at the plasma membrane of FCs and FCMs
during myoblast fusion
We further investigated whether N-cadherin is expressed in the
somatic mesoderm during fusion-relevant stages by using the anti-
N-cadherin antibody anti-CadN (Iwai et al., 1997). N-cadherin
appeared to be distributed in myoblasts from stage 11 through
stage 14 (Fig. 3A and B). To determine in which myoblast type
N-cadherin is expressed, we stained embryos carrying the rP298
enhancer trap line, which expresses b-galactosidase under the
control of the duf regulatory region and thus labels the nuclei of
all FCs (Nose et al., 1998; Ruiz-Gomez et al., 2000) with anti-CadN.
We found that N-cadherin is present in FCs as well as in FCMs
(Fig. 3C, arrowheads). To assess whether N-cadherin is expressed at
the plasma membrane of myoblasts, we additionally stained
embryos expressing the membrane-bound UAS-src-eGFP fusion
protein in all myoblasts with anti-CadN. N-cadherin clearly co-
localized with Src-eGFP at the myoblast membranes (Fig. 3D to
D’’, arrows). Classical cadherins are associated in a protein com-
plex with catenins. They include b-catenin, which binds to the
intracellular domain of cadherin and recruits a-catenin (reviewed
by Goodwin and Yap, 2004). To investigate whether catenins
Fig. 2. Schizo/Loner binds to the intracellular domain of N-cadherin. (A) Yeast two-hybrid assay of the interaction of Schizo/Loner fragments with CadN as indicated.
SchizoP2 (Siz1–759aa) without the Sec7 domain was used to screen a Drosophila embryonic cDNA library. Sectors 1 and 2: interaction of the Siz1–759aa fragment with the
N-cadherin intracellular region containing the transmembrane domain (CadNTMintra, sector 1) and lacking the transmembrane domain (CadNintra, sector 2). Sectors 3–5:
restriction of the N-cadherin binding site to amino acids 1–323 using Schizo deletion constructs. (B–G) Bimolecular ﬂuorescence complementation (BiFC) assay.
(B) Schematic drawing of N-YFP–CadNintra and Siz1–759aa–C-YFP fusion proteins used for the BiFC assay. The YFP ﬂuorochrome was split into two fragments, N-YFP and
C-YFP (yellow), and combined with an HA or Myc linker (light grey). N-YFP was fused to the intracellular domain of CadN; C-YFP was fused to the N-terminus (amino acids
1–759) of Schizo/Loner (dark grey). (C) Lateral view of a stage 14 embryo expressing N-YFP–CadNintra and Siz1–759aa–C-YFP, and stained with anti-GFP. (D–G) Transfection
of Drosophila SL2 cells with (D) empty N-YFP and C-YFP vectors, (E) the empty C-YFP vector and N-YFP–CadNTMintra, (F) the empty N-YFP and Siz1–759aa–C-YFP, and (G) N-
YFP–CadNTMintra and Siz1–759aa–C-YFP. (Blue: DAPI staining; green: YFP; red: phalloidin-TRITC; scale bar: 10 mm).
Fig. 3. N-cadherin is present at the membrane of FCs and FCMs. (A–C) Lateral views of wild-type embryos stained with anti-CadN (red). (A) N-cadherin is present in
myoblasts at stage 11. (B) N-cadherin still present in myoblasts of a stage 14 embryo. (C) Higher magniﬁcation of stage 11 embryo carrying rP298-lacZ as an FC marker
(green nuclei). N-cadherin is present in FCs and FCMs (arrowheads). Scale bar 10 mm. (D–D’’) Stage 14 wild-type embryo expressing UAS-src-eGFP with twist-GAL4 stained
with anti-eGFP and anti-CadN. N-cadherin expressed at the cell membrane (arrow). Scale bar 10 mm. (E and E’) Stage 14 wild-type embryo expressing UAS-a-catenin-eGFP
stained with anti-GFP and anti-CadN. Scale bar 20 mm. (F and G) Lateral views of stage 16 embryos stained with anti-b3-Tubulin. (F) Wild-type muscle pattern of the
N-cadherin null mutant CadNM19 and (G) the CadN-CadN2D14 double mutant.
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myoblasts, we expressed a-catenin-eGFP in FCMs by using the
sns4,5-GAL4 driver line. Double staining with anti-CadN and anti-
GFP revealed that both proteins co-localize at the plasma mem-
brane (Fig. 3E and E’, arrows).
We then examined whether the N-cadherin loss-of-function
mutant CadNM19 displays a myoblast-fusion defect. The muscle
pattern of homozygous CadNM19 embryos was reminiscent of
wild-type embryos (Fig. 3F). Although the muscle pattern of
CadNM19 mutants shows no fusion defects, we investigated
whether the fusion rate in mutant muscles differs from that in
wild-type muscles. We quantitatively analysed the number of
nuclei and focused on the segmental border muscle (SBM), which
can be visualized by the Ladybird antibody and contains up to
7 nuclei (Bataille et al., 2010). The number of nuclei in the SBM
muscle was not signiﬁcantly altered in homozygous CadNM19
mutants (Table 1).
Besides N-cadherin, the Drosophila genome contains the
N-cadherin-homologous gene N-cadherin2 (CadN2), which is
located next to the N-cadherin locus and may have originated
from a partial duplication of the N-cadherin gene (Prakash et al.,
2005; Yonekura et al., 2007). Thus, the lack of a fusion phenotype
in CadNM19 null mutants might be due to the substitution
of N-cadherin2 for the lacking N-cadherin. To assess this ques-
tion, we analysed the muscle phenotype of a homozygous
CadN-CadN2D14 double mutant (Prakash et al., 2005). Also the
double-mutant embryos showed no myoblast fusion defects
(Fig. 3G). To evaluate whether the third classical cadherin in the
Drosophila genome, E-cadherin, encoded by the gene shotgun, is
able to substitute for the loss of both N-cadherins, we stained
CadN-CadN2D14 double mutants with anti-Shotgun. Shotgun,
which is normally expressed in epithelial tissues, was not
up-regulated in CadN-CadN2D14 double-mutant myoblasts
(Figure S2A).The loss of N-cadherin function rescues the schizo/loner mutant
phenotype
To clarify whether N-cadherin and Schizo/Loner indeed inter-
act during myoblast fusion and not during other developmental
processes, we performed genetic interaction studies and gener-
ated CadNM19; siz double mutants. In transheterozygous
sizC1–28/U112 (Fig. 4B) and homozygous sizC1–28 (Fig. 4F) mutant
embryos, only mononucleated myoblasts marked with anti-
Dmef2 (Fig. 4B), anti-Kru¨ppel (Fig. 4F) and anti-Ladybird
(Table 1) were visible. Surprisingly, this phenotype was sup-
pressed in CadNM19; sizC1–28/U112 double mutants, and multinu-
cleated muscles formed (Fig. 4C, arrow; Table 1).Table 1
Quantiﬁcation of SBM nuclei.
Genotype Number of
nucleia
Number of
segments
Number of
embryos
wild-type 6.970.7 (5–8) 61 19
sizC1–28 1.170.3 (1–2) 38 13
CadNM19 6.370.8 (5–8) 47 19
CadNM19; sizC1–28 3.870.9 (2–5) 39 12
twi4d-Arf1-Q71L;
sizC1–28
4.071.1 (2–6) 37 9
Mef24d-Arf1-T31N-
eGFP
3.271.0 (2–5) 86 17
Nuclei of the SBM muscles were visualized by anti-Dmef2 and anti-Ladybird
stainings of stage 15/16 embryos.
a Average number of nuclei7standard deviation (range of nuclei numbers).We quantiﬁed the fusion events using the muscle identity
marker Ladybird; in the absence of CadNM19, three to four
nucleated SBM muscles form in sizC1–28/U112 mutants (Table 1).
We therefore concluded that Schizo/Loner is a negative regulator
of N-cadherin. This ﬁnding further suggested that the schizo/loner
mutant phenotype is due to a failure in removing N-cadherin
from the membrane. However, we did not observe more N-cad-
herin at the plasma membrane of schizo/loner mutant embryos
when we stained with anti-CadN (data not shown).
Recently, we proposed that Schizo/Loner regulates the secreted
axon guidance protein Slit during Drosophila commissure formation
by promoting endocytosis via Shibire, the Drosophila Dynamin (O¨nel
et al., 2004). To ascertain whether endocytosis might be important
for the process of myoblast fusion, we employed dominant-negative
Shibire (ShiDN), which efﬁciently blocks Dynamin-dependent endo-
cytosis (Moline et al., 1999). When the expression of dominant-
negative Shibire was driven in all myoblasts with twist-GAL4,
myoblast fusion was severely disturbed (Fig. 4D, arrow). However,
a closer examination of embryos expressing dominant-negative
Shibire in all myoblasts revealed that the cell fate was altered in
those embryos.
We assessed muscle founder cell speciﬁcation with the
Kru¨ppel antibody, which is expressed in a subset of FC nuclei in
the wild-type (Ruiz-Gomez et al., 1997). FCMs that fused to a
Kru¨ppel-expressing FC also expressed Kru¨ppel in their nuclei, and
clusters of Kru¨ppel-positive nuclei per muscles were observed
(shown in Fig. 4E for the DA1 and DO1 muscle). A block in fusion
as in sizC1–28 mutant embryos resulted in a reduced number of
Kru¨ppel-positive nuclei within a speciﬁc muscle (Fig. 4F). Since
fusion was disturbed in embryos expressing dominant-negative
Shibire in all myoblasts, we expected a reduced number of nuclei
as observed in sizC1–28 mutant embryos. Instead, the number of
nuclei seemed to increase (Fig. 4G). FC speciﬁcation involves
Notch-mediated lateral inhibition, which requires Shibire func-
tion (Seugnet et al., 1997). The transcription factor Twist is
expressed very early during mesodermal development, before
FCs and FCMs are speciﬁed. Thus, by using twist-GAL4 as a driver,
dominant-negative Shibire becomes expressed before myoblast
speciﬁcation. To express dominant-negative Shibire after myo-
blast speciﬁcation, we employed the FC-specifc rP298-GAL4
driver line (data not shown) and the FCM-speciﬁc sns pro3-GAL4
driver line (Fig. 4H). With both driver lines, we failed to observe
fusion defects in embryos expressing dominant-negative Shibire.
Muscles looked similar to wild-type muscles. These data support
the notion that the observed phenotype in embryos expressing
dominant-negative Shibire with twist-GAL4 is due to FC speciﬁca-
tion defects.
To learn more about the function of Schizo/Loner in regulating
N-cadherin during myoblast fusion, we also analysed whether the
putative downstream effector of Schizo/Loner, the ADP-ribosyla-
tion factor GTPase d-Arf6 (Chen et al., 2003), is involved in
N-cadherin regulation; d-Arf6 has also been suggested to be
involved in endocytosis (reviewed by Schweitzer et al., 2011).
Since mutant analyses of Dyer et al. (2007) indicated that d-Arf6
might not be a downstream component of Schizo/Loner during
myoblast fusion, we ﬁrst carried out rescue experiments and
expressed a constitutively-active form of d-Arf6-Q67L in a schizo/
loner mutant background using the twist-GAL4 driver. Constitu-
tively-active d-Arf6-Q67L was unable to rescue the myoblast
fusion defect of sizC1–28 homozygous mutant embryos (Figure
S2B). Instead, we found that the constitutively-active form of
d-Arf1-Q71L was partially able to restore the muscle pattern of
homozygous sizC1–28 mutant embryos when expressed with twist-
GAL4 (Fig. 4I; Table 1). A quantitative analysis of the SBM muscle
with anti-Ladybird revealed that as in CadNM19; sizC1–28/U112 double
mutant embryos, four-nucleated SBM muscles form. Furthermore,
Fig. 4. Schizo/Loner serves as a negative regulator for N-cadherin. (A–D and H–J) Lateral view of stage 16 embryos stained with anti-b3-Tubulin to show unfused
myoblasts and multinucleated muscles. (A) Wild-type embryo. (B) Transheterozygous sizC1–28/U112 mutant embryo additionally stained with anti-Dmef2. (C) CadNM19;
sizC1–28/U112 double mutant embryo additionally stained with anti-Dmef2 showing multinucleated muscles (arrow). (D) Wild-type embryo expressing dominant-negative
Shibire with twist-GAL4, showing clusters of unfused myoblasts (arrow). (E–G) Lateral view of stage 15 embryos stained with anti-Kru¨ppel to mark the DA1 and DO1
muscle. (E) Wild-type embryo. (F) Homozygous sizC1–28 mutant embryo showing only one nucleus within the DA1 and DO1 muscles. (G) Wild-type embryo expressing
dominant-negative Shibire in myoblasts with the twist-GAL4 driver, stained with anti-Kru¨ppel. (H) Stage 16 wild-type embryo expressing dominant-negative Shibire in
FCMs with sns pro3-GAL4, showing no unfused myoblasts. (I) Rescue of the sizC1–28 mutant phenotype by expression of constitutively activated d-Arf1-Q71L in sizC1–28
mutant myoblasts with the twist-GAL4 driver. (J) Expression of dominant-negative UAS-d-Arf1-T31N in all myoblasts with Mef2-GAL4.
C. Dottermusch-Heidel et al. / Developmental Biology 368 (2012) 18–27 23expression of dominant-negative d-Arf1-T31N in all myoblasts with
Mef2-GAL4 impaired myoblast fusion in some embryos (Fig. 4J;
Table 1).
Like other Ras-related GTP-binding proteins, the Arf proteins
cycle between their active-GTP-bound and inactive-GDP-bound
conformations. The exchange of bound GDP to GTP is mediated by
GEFs of the Sec7 family, whereas the hydrolysis of GTP involves
GTPase-activating proteins (GAPs) (Casanova, 2007). This indi-
cates that only the GDP-bound inactive form of the Arf proteins
should interact with a GEF. To investigate whether Schizo/Loner is
a speciﬁc GEF for d-Arf1 and can bind to GDP-bound d-Arf1-T31N,
we performed a yeast two-hybrid assay with Schizo/Loner and
the Drosophila Arfs (Figure S2G). We found that only d-Arf1-T31N
was able to interact with Schizo/Loner (Figure S2G, sector 2).
Mammalian Arf1 plays a role in secretory pathways and in
Dynamin-independent endocytosis (reviewed by D’Souza-
Schorey and Chavrier, 2006; Kumari and Mayor, 2008). We found
evidence that d-Arf1 might be involved in Schizo/Loner-depen-
dent regulation of N-cadherin when we analysed the phenotype
of the muscle pattern of CadNM19; d-arf1v37 double mutants.
Muscles of CadNM19; d-arf1v37 double mutants look thinner, are
missing and do not properly attach (Figure S2F). Additionally,
live-imaging studies of transfected Drosophila SL2 cells revealed
that Schizo/Loner and d-Arf1 as well as Schizo/Loner and N-cad-
herin transiently co-localize in small vesicles (Supplemental
information, videos 1 and 2). A characterization of the Schizo/
Loner-positive vesicles revealed that they do not co-localize with
the early endosomal marker Rab5 nor with Dextran, which was used
as a marker for macropinocytosis (Figure S3). Taken together, these
ﬁndings support the hypothesis that vesicle trafﬁcking is involved in
N-cadherin regulation. However, the mechanism involved in N-cad-
herin regulation remains to be clariﬁed.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2012.04.031.Discussion
We identiﬁed the calcium-dependent cell-adhesion protein
N-cadherin as a Schizo/Loner interaction partner. N-cadherin null
mutants do not phenocopy the schizo/loner mutant phenotype.
Instead, we found that the schizo/loner loss-of-function phenotype
can be partially rescued when N-cadherin is removed. Our data
suggested that regulation of N-cadherin from the myoblast
membrane of schizo/loner mutants is important for the fusion
process to proceed.
Myoblast adhesion is a prerequisite to signal myoblast fusion
Drosophila and mammalian myoblast fusion is based on the
ability of myoblasts to recognize and adhere. In Drosophila,
members of the immunoglobulin superfamily (IgSF) are involved
in this process. Duf, Rst and Sns are expressed in a ring-like
manner (Kesper et al., 2007; Sens et al., 2010; Haralalka et al.,
2011; O¨nel et al., 2011) and serve as a platform for the formation
of a signalling center called FuRMAS (reviewed by O¨nel and
Renkawitz-Pohl, 2009; Rochlin et al., 2010). The diameter of the
cell-adhesion ring ranges from 1 to 5 mm. FCMs with 5 mm cell-
adhesion rings at cell–cell contact points are ﬂattened and closely
attached to the FC/growing myotube (Kesper et al., 2007). In some
fusion mutants, the adhesion ring fails to expand up to 5 mm
(Kesper et al., 2007). This suggests that cell-adhesion proteins
move away from the contact zone. One prerequisite for the fusion
of lipid bilayers is that proteins must be cleared from the site of
fusion (reviewed by Chernomordik and Kozlov, 2008; Martens
and McMahon, 2008). Therefore, the alteration of the ring size
may be due to the redistribution of the cell-adhesion proteins of
the IgSF class at the myoblast membrane. IgSF proteins and
cadherins have also been implicated in mediating myoblast
adhesion during skeletal muscle development (Pavlath, 2010). A
Fig. 5. A model for the regulation of N-cadherin to induce a protein-free zone at the site of membrane fusion. Cell adhesion and membrane fusion are sequential steps in
myoblast fusion. To bring the membranes of the cells into close proximity, the plasma membrane must contain cell-adhesion molecules. However, the progression of the
fusion process requires the local clearance of membrane proteins from the site of fusion. (A) The heterophilic interaction of the IgSF proteins Duf and Sns mediates the
recognition and adhesion of FCs/growing myotubes with FCMs. During the ﬁrst fusion phase from stage 11 to 14, also N-cadherin is present at the plasma membrane of
FCs/growing myotubes and FCMs. (B–C) The IgSF proteins Duf and Sns are expressed in a ring-like structure. The diameter of the ring structure changes during fusion from
1 to 5 mm. (C) Since 5 mm is the diameter of a myoblast, we propose that Duf and Sns move radially away from the site of fusion to induce a protein-free zone. The results of
our genetic interaction studies further suggest that the regulation of N-cadherin from the site of fusion depends on the presence of Schizo/Loner.
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fusion has also been suggested by studies on rat Ric10 satellite
cells (Mukai et al., 2009).
The intracellular domains of the IgSF cell adhesion molecules
are essential for binding intracellular proteins, which are involved
in signal transduction during myoblast fusion (reviewed by
Abmayr and Pavlath, 2012) or might promote the redistribution
of the cell-adhesion molecules. One important consequence of
cell recognition and adhesion is the formation of dynamic F-actin
at the site of fusion (reviewed by Abmayr and Pavlath, 2012).
Schizo/Loner is required to regulate N-cadherin in FCs and FCMs
Schizo/Loner is an essential intracellular protein during Dro-
sophila myoblast fusion. However, the function of Schizo/Loner
during myoblast fusion remained unclear. Biochemical data from
Chen et al. (2003) and Bulchand et al. (2010) imply that Schizo/
Loner binds to the intracellular domain of the cell-adhesion
molecule Duf. Furthermore, Chen et al. (2003) have shown that
schizo/loner mutants display an aberrant Rac localization, which
indicates that Schizo/Loner is involved in actin regulation during
myoblast fusion. In accordance with these ﬁndings, Richardson
et al. (2007) found that the number of F-actin foci is increased in
schizo/loner mutants. Even so, actin foci do not colocalize with
Schizo/Loner and it was suggested that Schizo/Loner regulates
fusion independently of actin foci (Richardson et al., 2007).
Here, we identiﬁed the cell-adhesion molecule N-cadherin as a
Schizo/Loner binding partner and propose an additional new function
of Schizo/Loner during myoblast fusion (Fig. 5). N-cadherin is present
at the membrane of FCs and FCMs during the ﬁrst phase of myoblast
fusion (according to the model of Beckett and Baylies, 2007).
Similarly, the mammalian classical cadherins N-cadherin and M-cad-
herin are also expressed at the plasma membrane of myoblasts and
satellite cells (reviewed by Krauss, 2010). However, the loss of
N-cadherin and M-cadherin does not impair myoblast fusion in
mammals, which indicates that N-cadherin can compensate for the
loss of M-cadherin or vice versa (Charlton et al., 1997; Hollnagel et al.,
2002). As found in mammals, we found that the loss of Drosophila
N-cadherin does not disturb myoblast fusion and a quantitative
analysis revealed that fusion is neither decreased nor increased inN-cadherin loss-of-function mutants. Since Drosophila lacks M-cad-
herin, we investigated whether N-cadherin is functionally redundant
with the classical cadherins N-cadherin2 or E-cadherin during fusion.
We found no evidence that either N-cadherin2 or E-cadherin are able
to compensate for the loss of N-cadherin in Drosophila.
At the transcriptional level, N-cadherin expression seems to be
controlled by the transcription factor Dmef2 (Junion et al., 2005). Our
genetic data indicated that Schizo/Loner is involved in the post-
translational regulation of N-cadherin. The severe fusion phenotype
of schizo/loner mutants was partially rescued by the loss of
N-cadherin. Protein-interaction data in yeasts suggested that the
N-terminal region of Schizo/Loner (amino acids 116–323 according
to SchizoP2) directly binds to the intracellular domain of N-cadherin.
Since the recognition and adhesion of FCs and FCMs in schizo/loner
mutants still occurs, we propose that N-cadherin must be removed
from the site of fusion in these mutants to permit fusion (Fig. 5).
However, why N-cadherin is expressed initially at the myoblast
membrane remains to be elucidated. At CNS synapses, the surface
concentration of cadherins is critical in determining the strength of
adhesion. The trans-interaction of cadherin molecules results in weak
interactions, whereas cis-clustering of two or more cadherins results
in the formation of strong adhesion complexes (reviewed by Brigidi
and Bamji (2011). It is possible that N-cadherin ﬁrst initiates a loose
adhesion between FCs and FCMs and that the IgSF proteins stabilize
cell adhesion and restrict the area of membrane fusion. That muscle
formation in CadNM19; sizC1–28/U112 double mutants does not proceed
completely may be an indication that the negative regulation of
N-cadherin is not the only function of Schizo/Loner during myoblast
fusion.
Schizo/Loner might regulate N-cadherin by Dynamin-independent
endocytosis
In transfected SL2 cells, Schizo/Loner and N-cadherin are
associated with small vesicles, which suggested that Schizo/Loner
regulates N-cadherin by controlling vesicle trafﬁcking. Our ﬁrst
experiments using the mesodermal transcription factor twist as
GAL4 driver line to express dominant-negative Dynamin sug-
gested that Dynamin might be involved in myoblast fusion.
However, a block of Dynamin-dependent endocytosis speciﬁcally
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the number of FCs is higher in embryos expressing dominant-
negative Shibire with twist-GAL4 led us to propose that more FCs
are determined and that the observed failure in myoblast fusion is
due to a secondary defect, namely in cell-fate speciﬁcation.
Interestingly, we discovered that expression of activated Droso-
phila d-Arf1 in FCs and FCMs of schizo/loner mutants leads to a
partial rescue, as similarly observed in CadNM19; sizC1–28/U112 double
mutants, and that d-Arf1 interacts genetically with N-cadherin. This
suggests that regulation of N-cadherin is dependent on Schizo/
Loner and d-Arf1. Arf1 has been extensively studied in mammals
and has been proposed to be involved in Cdc42-dependent endo-
cytosis, which does not require Shibire function. This might explain
why the expression of dominant-negative Shibire does not result in
a schizo-like phenotype during myoblast fusion.Material and methods
Drosophila melanogaster lines and genetics
The N-cadherin null mutant CadNM19 and full-length UAS-CadN-ﬂ
were kindly provided by Tadashi Uemura (Kyoto University). The
CadN-CadN2D14 double mutant strain was obtained from Thomas
Clandinin (Standford University). The muscle and CNS phenotypes
of schizo alleles sizC1–28 and sizU112 were previously characterized in
O¨nel et al. (2004) and again here (Figure S4). The twist-GAL4 driver
line, UAS-src-eGFP and the dominant-negative UAS-shibire.K44A
were obtained from the Bloomington Stock Center and UAS-
a-catenin-eGFP from the stock center in Kyoto. UAS-d-Arf6-Q67L
was kindly provided by Elisabeth Chen (Johns Hopkins University).
UAS-sizt2 used for the modiﬁer screen in the Drosophila eye is
described in O¨nel et al. (2004). For the expression of UAS-transgenes,
we used sns4,5-GAL4 (Stute et al., 2006), sns pro33-GAL4
(Kocherlakota et al., 2008), Mef2-GAL4 (Ranganayakulu et al.,
1996), rP298-GAL4 (Menon and Chia, 2001) and twist-GAL4 (from
A. Michelson).
To drive expression speciﬁcally in FCs with rP298-GAL4, we
collected virgins of the appropriate transgenic line and crossed
them with rP298-GAL4-carrying males. This is important since
hemizygous rP298-GAL4 embryos display myoblast-fusion
defects, as reported in Scha¨fer et al. (2007). We used Dr/TM3
Dfd-lacZ, If/CyO hg-lacZ and Sp/CyO wg-lacZ; TM2/TM6 ftz-lacZ as
blue balancers. All crosses were performed at 25 1C using stan-
dard methods.DNA work
Construction of UAS-CadNTMintra
The CadNTMintra construct was ampliﬁed by PCR from the CadN
full-length cDNA in pBluescript SK (obtained from Tadashi
Uemura) and cloned into the Topo PCR vector.
Construction of UAS-HA-siz
Full-length HA-siz was ampliﬁed from LP01489 cDNA. The
LP01489 cDNA represents the schizo/loner t2 transcript (O¨nel
et al., 2004). A sequence encoding an HA tag was inserted in the
forward primer sequence.
Construction of constitutive-active UAS-d-Arf1-Q71L
d-Arf1-Q71L was constructed using site-speciﬁc mutagenesis.
To exchange glutamic acid at position 71 with leucine, we usedthe LD24904 cDNA from the Drosophila genomics resource center
(DGRC) as template DNA. Owing to this exchange, the protein
remains restricted in its GTP-bound form (Pepperkok et al., 2000).
All fragments were cloned into the pUAST vector and injected
into w--embryos following standard procedures.Construction of UAS-mcherry-sizﬂ and UAS-CadNTMintra-eGFP for
live-imaging studies of SL2 cells
GatewayTM cloning technology was used to generate these
constructs. The appropriate PCR products of schizo/loner (LP01489
cDNA) and CadN (CadN cDNA) were ﬁrst subcloned into the
pENTRTM/D-TOPOs vector and then recombined into the Gate-
way vectors pUAST-attB-mcherry-rfa and pUAST-attB-rfa-eGFP
(provided by Sven Bogdan, Mu¨nster).Generation of BiFC expression vectors and constructs
For generating the pUAST expression vector containing split
N- and C-YFP fragments, the N-terminal amino acids 1–157 and
the C-terminal amino acids 158–204 of YFP were PCR ampliﬁed
using the pUAST-Venus YFP (kindly provided by Christian Wege-
ner, Wu¨rzburg) as template DNA. A sequence encoding an HA tag
and an additional AscI restriction site were added to the reverse
primer sequence, which was used to amplify the N-YFP fragment.
The C-terminal part of YFP was ampliﬁed by PCR and a Myc tag as
well as an additional AscI restriction site was added to the
forward primer sequence. The N-YFP fragment was cloned into
the pUAST vector via EcoRI restriction sites, and the C-YFP
fragment was cloned via XhoI into the pUAST vector.
To generate N-YFP-CadNintra, the intracellular domain was cloned
into the AscI site of pUAST-N-YFP. Additionally, CadNTMintra was
cloned into the pUAST-N-YFP vector via NotI and XhoI. The siz-C-YFP
construct contained only the ﬁrst 759 amino acids of SchizoP2/
Loner, and the LP01489 cDNA was again used as DNA template. The
PCR product was cloned into the AscI site of the pUAST-C-YFP
vector.SL2 cell culture
Cells were transiently transfected with DNA using Transfectin
transfection reagents (Bio-Rad). UAS-based constructs were
expressed by cotransfection with an actin-GAL4 plasmid. Cells
were adhered to Concanavalin-A-coated cover slides, and immu-
noﬂuorescence was visualized using standard methods. All con-
structs of this study were sequenced by LGC Genomics (Berlin).Immunohistochemistry
Embryos were collected from grape-juice agar plates, dechor-
ionated, devitellinized and ﬁxed as previously described in
Scha¨fer et al. (2007). The following primary antibodies were used:
guinea pig anti-b3-Tubulin (1:10,000; Buttgereit et al., 1996; Leiss
et al., 1988), rat anti-CadN DN-Ex#8 (1:500; Hybridoma Bank),
rabbit anti-Dmef2 (1:1,000; a gift from Manfred Frasch, Uni-
versita¨t Erlangen, Germany), mouse anti-Ladybird (1:500; Jagla
et al., 1998; a gift from Krzysztof Jagla, Faculte´ de Me´decine,
France), rabbit anti-GFP ab6556 (1:1,000; Abcam) and rabbit anti-
b-galactosidase (1:5,000; Cappel Laboratories). As secondary
antibodies, we used biotinylated antibodies from Vector Labora-
tories for DAB stainings and Cy2- and Cy3-conjugated secondary
antibodies from Dianova.
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Fusion capacity was analysed by counting the nuclei of the
SBM muscle visualized by anti-Dmef2 and anti-Ladybird stainings
of stage 15/16 embryos. For each genotype analysed, SBM nuclei
of abdominal segments (A2–A7) of stage 15/16 embryos were
counted.Yeast two-hybrid screen and assay
The yeast two-hybrid screen was performed using the Match-
makerTM GAL4 Two-Hybrid system 3 (Clontech) according to the
manufacturer’s instructions. The 5’-region of the LP01489 cDNA
coding for amino acids 1–759 was cloned into the pGBKT7 bait
vector (Clontech). To narrow down the region of Schizo/Loner
to which N-cadherin binds, fragments encoding for Siz1–759aa,
Siz1–358aa, Siz353–759aa and SizDIQ (spanning amino acids 1–323
and 354–753) were cloned separately into the pGBKT7 vector.Acknowledgments
We thank Renate Renkawitz-Pohl for her generous support and
fruitful discussions. We also thank her, Anne Holz and Georg
Wolfstetter for careful reading of the manuscript. We are grateful
to Tadashi Uemura, Thomas Clandinin, Marcos Gonza´les-Gaita´n,
Elisabeth Chen and Susan Abmayr for providing ﬂy strains. We
thank Sven Bogdan (Universita¨t Mu¨nster, Germany) for providing
modiﬁed Gateway vectors, Karl Fischbach (Universita¨t Freiburg,
Germany) for providing the anti-Duf antibody and Christian
Wegener (Universita¨t Wu¨rzburg, Germany) for providing pUASt-
Venus YFP, Krzysztof Jagla (Faculte´ de Me´decine, France) for
providing the anti-Ladybird antibody and Manfred Frasch
(Universita¨t Erlangen, Germany) for providing the anti-Dmef2 anti-
body. We are indebted to Sabina Huhn, Tim Fries and Helga
Kisselbach-Heckmann for technical assistance. We thank Katja
Geßner for secretarial support. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG) by the Graduate School
GRK1216 awarded to S.-F.O¨. as well as by grant OE311/4–1 to S.-F.O¨.Appendix A. Supporting information
Supplementary data associated with this article can be
found in the online version at http://dx.doi.org/10.1016/j.ydbio.
2012.04.031.References
Abmayr, S.M., Pavlath, G.K., 2012. Myoblast fusion: Lessons from ﬂies and mice.
Development 139, 641–656.
Artero, R.D., Castanon, I., Baylies, M.K., 2001. The immunoglobulin-like protein
Hibris functions as a dose-dependent regulator of myoblast fusion and is
differentially controlled by Ras and Notch signaling. Development 128,
4251–4264.
Bataille, L., Delon, I., Da Ponte, J.P., Brown, N.H., Jagla, K., 2010. Downstream of
identity genes: Muscle-type-speciﬁc regulation of the fusion process. Dev. Cell
19, 317–328.
Beckett, K., Baylies, M.K., 2007. 3D analysis of founder cell and fusion competent
myoblast arrangements outlines a new model of myoblast fusion. Dev. Biol.
309, 113–125.
Berger, S., Scha¨fer, G., Kesper, D.A., Holz, A., Eriksson, T., Palmer, R.H., Beck, L.,
Kla¨mbt, C., Renkawitz-Pohl, R., O¨nel, S.F., 2008. WASP and SCAR have distinct
roles in activating the Arp2/3 complex during myoblast fusion. J. Cell Sci. 121,
1303–1313.
Bour, B.A., Chakravarti, M., West, J.M., Abmayr, S.M., 2000. Drosophila SNS, a
member of the immunoglobulin superfamily that is essential for myoblast
fusion. Genes Dev. 14, 1498–1511.Brand, A.H., Perrimon, N., 1993. Targeted gene-expression as a means of altering
cell fates and generating dominant phenotypes. Development 118, 401–415.
Brigidi, G.S., Bamji, S.X., 2011b. Cadherin-catenin adhesion complexes at the
synapse. Curr. Opin. Neurobiol. 21, 208–214.
Bulchand, S., Menon, S.D., George, S.E., Chia, W., 2010. The intracellular domain of
dumbfounded affects myoblast fusion efﬁciency and interacts with rolling
pebbles and loner. Plos One, 5.
Buttgereit, D., Paululat, A., Renkawitz-Pohl, R., 1996. Muscle development and
attachment to the epidermis is accompanied by expression of beta 3 and beta
1 tubulin isotypes, respectively. Int. J. Dev. Biol. 40, 189–196.
Casanova, J.E., 2007. Regulation of arf activation: The sec7 family of guanine
nucleotide exchange factors. Trafﬁc 8, 1476–1485.
Chardin, P., Paris, S., Antonny, B., Robineau, S., BeraudDufour, S., Jackson, C.L.,
Chabre, M., 1996. A human exchange factor for ARF contains Sec7- and
pleckstrin-homology domains. Nature 384, 481–484.
Charlton, C.A., Mohler, W.A., Radice, G.L., Hynes, R.O., Blau, H.M., 1997. Fusion
competence of myoblasts rendered genetically null for N-cadherin in culture. J.
Cell Biol. 138, 331–336.
Chen, E.H., Grote, E., Mohler, W., Vignery, A., 2007. Cell–cell fusion. Febs Lett. 581,
2181–2193.
Chen, E.H., Olson, E.N., 2004. Towards a molecular pathway for myoblast fusion in
Drosophila. Trends Cell Biol. 14, 452–460.
Chen, E.H., Pryce, B.A., Tzeng, J.A., Gonzalez, G.A., Olson, E.N., 2003. Control of
myoblast fusion by a guanine nucleotide exchange factor, loner, and its
effector ARF6. Cell 114, 751–762.
Chernomordik, L.V., Kozlov, M.M., 2008. Mechanics of membrane fusion. Nat.
Struct. Mol. Biol. 15, 675–683.
D’Souza-Schorey, C., Chavrier, P., 2006. ARF proteins: Roles in membrane trafﬁc
and beyond. Nat. Rev. Mol. Cell Biol. 7, 347–358.
Donalies, M., Cramer, M., Ringwald, M., Starzinskipowitz, A., 1991. Expression of
M-cadherin, A Member of the Cadherin Multigene Family, Correlates with
Differentiation of Skeletal-Muscle Cells. Proceedings of the National Academy
of Sciences of the United States of America 88, 8024–8028.
Duband, J.L., Dufour, S., Hatta, K., Takeichi, M., Edelman, G.M., Thiery, J.P., 1987.
Adhesion molecules during somitogenesis in the avian embryo. J. Cell Biol.
104, 1361–1374.
Dworak, H.A., Charles, M.A., Pellerano, L.B., Sink, H., 2001. Characterization of
Drosophila hibris, a gene related to human nephrin. Development 128, 4265–4276.
Dyer, N., Rebollo, E., Dominguez, P., Elkhatib, N., Chavrier, P., Daviet, L., Gonzalez,
C., Gonzalez-Gaitan, M., 2007. Spermatocyte cytokinesis requires rapid mem-
brane addition mediated by ARF6 on central spindle recycling endosomes.
Development 134, 4437–4447.
Fredette, B., Rutishauser, U., Landmesser, L., 1993. Regulation and activity-
dependence of N-cadherin, NCAM isoforms, and polysialic acid on chick
myotubes during development. J. Cell Biol. 123, 1867–1888.
Gildor, B., Massarwa, R., Shilo, B.Z., Schejter, E.D., 2009. The SCAR and WASp
Nucleation-Promoting Factors Act Sequentially to Mediate Drosophila Myo-
blast Fusion. Embo Reports 10, 1043–1050.
Gildor, B., Massarwa, R.a., Shilo, B.-Z., Schejter, E.D., 2010. Making muscles Arp,
two, three. Fly 4, 145–148.
Gohl, C., Banovic, D., Grevelhorster, A., Bogdan, S., 2010. WAVE forms hetero- and
homo-oligomeric complexes at integrin junctions in Drosophila visualized by
bimolecular ﬂuorescence complementation. J. Biol. Chem. 285, 40171–40179.
Goodwin, M., Yap, A.S., 2004. Classical cadherin adhesion molecules: coordinating
cell adhesion, signaling and the cytoskeleton. J. Mol. Histol. 35, 839–844.
Haralalka, S., Abmayr, S.M., 2010. Myoblast fusion in Drosophila. Exp. Cell Res. 316,
3007–3013.
Haralalka, S., Shelton, C., Cartwright, H.N., Katzfey, E., Janzen, E., Abmayr, S.M.,
2011. Asymmetric Mbc, active Rac1 and F-actin foci in the fusion-competent
myoblasts during myoblast fusion in Drosophila. Development 138,
1551–1562.
Hatta, K., Takagi, S., Fujisawa, H., Takeichi, M., 1987. Spatial and temporal
expression pattern of N-cadherin cell-adhesion molecules correlated with
morphogenetic processes of chicken embryos. Dev. Biol. 120, 215–227.
Hill, E., Broadbent, I.D., Chothia, C., Pettitt, J., 2001. Cadherin superfamily proteins
in Caenorhabditis elegans and Drosophila melanogaster. J. Mol. Biol. 305,
1011–1024.
Hollnagel, A., Grund, C., Franke, W.W., Arnold, H.H., 2002. The cell adhesion
molecule M-cadherin is not essential for muscle development and regenera-
tion. Mol. Cell. Biol. 22, 4760–4770.
Hudry, B., Viala, S., Graba, Y., Merabet, S., 2011. Visualization of protein interac-
tions in living Drosophila embryos by the bimolecular ﬂuorescence comple-
mentation assay. Bmc Biol., 9.
Hummel, T., Schimmelpfeng, K., Kla¨mbt, C., 1999. Commissure formation in the
embryonic CNS of Drosophila I. Identiﬁcation of the required gene functions.
Dev. Biol. 209, 381–398.
Irintchev, A., Zeschnigk, M., Starzinskipowitz, A., Wernig, A., 1994. Expression
pattern of M-cadherin in normal, denervated, and regenerating mouse
muscles. Dev. Dyn. 199, 326–337.
Iwai, Y., Usui, T., Hirano, S., Steward, R., Takeichi, M., Uemura, T., 1997. Axon
patterning requires DN-cadherin, a novel neuronal adhesion receptor, in the
Drosophila embryonic CNS. Neuron 19, 77–89.
Jagla, T., Bellard, F., Lutz, Y., Dretzen, G., Bellard, M., Jagla, K., 1998. Ladybird
determines cell fate decisions during diversiﬁcation of Drosophila somatic
muscles. Development 125, 3699–3708.
C. Dottermusch-Heidel et al. / Developmental Biology 368 (2012) 18–27 27Junion, G., Jagla, T., Duplant, S., Tapin, R., Da Ponte, J.P., Jagla, K., 2005. Mapping
Dmef2-Binding Regulatory Modules by Using a ChIP-Enriched in silico Targets
Approach. Proceedings of the National Academy of Sciences of the United
States of America 102, 18479–18484.
Kerppola, T.K., 2008. Biomolecular ﬂuorescence complementation (BiFC) analysis
as a probe of protein interactions in living cells. Annual Review of Biophysics
37, 465–487.
Kesper, D.A., Stute, C., Buttgereit, D., Kreiskother, N., Vishnu, S., Fischbach, K.F.,
Renkawitz-Pohl, R., 2007. Myoblast fusion in Drosophila melanogaster is
mediated through a fusion-restricted myogenic-adhesive structure (FuRMAS).
Dev. Dyn. 236, 404–415.
Kim, S., Shilagardi, K., Zhang, S.L., Hong, S.N., Sens, K.L., Bo, J., Gonzalez, G.A., Chen,
E.H., 2007. A critical function for the actin cytoskeleton in targeted exocytosis
of prefusion vesicles during myoblast fusion. Dev. Cell 12, 571–586.
Kocherlakota, K.S., Wu, J.-M., McDermott, J., Abmayr, S.M., 2008. Analysis of the
cell adhesion molecule sticks-and-stones reveals multiple redundant func-
tional domains, protein-interaction motifs and phosphorylated tyrosines that
direct myoblast fusion in Drosophila melanogaster. Genetics 178, 1371–1383.
Krauss, R.S., 2010. Regulation of promyogenic signal transduction by cell–cell
contact and adhesion. Exp. Cell Res. 316, 3042–3049.
Kumari, S., Mayor, S., 2008. ARF1 is directly involved in dynamin-independent
endocytosis. Nat. Cell Biol. 10, 30. U22.
Leiss, D., Hinz, U., Gasch, A., Mertz, R., Renkawitz-Pohl, R., 1988. Beta-3 Tubulin
expression characterizes the differentiating mesodermal germ layer during
Drosophila embryogenesis. Development 104, 525–531.
Marsden, H.R., Tomatsu, I., Kros, A., 2011. Model systems for membrane fusion.
Chem. Soc. Rev. 40, 1572–1585.
Martens, S., McMahon, H.T., 2008. Mechanisms of membrane fusion: disparate
players and common principles. Nat. Rev. Mol. Cell Biol. 9, 543–556.
Massarwa, R., Carmon, S., Shilo, B.Z., Schejter, E.D., 2007. WIP/WASp-based actin-
polymerization machinery is essential for myoblast fusion in Drosophila. Dev.
Cell 12, 557–569.
Menon, S.D., Chia, W., 2001. Drosophila rolling pebbles: a multidomain protein
required for myoblast fusion that recruits D-titin in response to the myoblast
attractant dumbfounded. Dev. Cell 1, 691–703.
Moline, M.M., Southern, C., Bejsovec, A., 1999. Directionality of Wingless protein
transport inﬂuences epidermal patterning in the Drosophila embryo. Devel-
opment 126, 4375–4384.
Moore, R., Walsh, F.S., 1993. The cell-adhesion molecule M-cadherin is speciﬁcally
expressed in developing and regenerating, but not denervated skeletal-
muscle. Development 117, 1409–1420.
Mukai, A., Kurisaki, T., Sato, S.B., Kobayashi, T., Kondoh, G., Hashimoto, N., 2009.
Dynamic clustering and dispersion of lipid rafts contribute to fusion compe-
tence of myogenic cells. Exp. Cell Res. 315, 3052–3063.
Nose, A., Isshiki, T., Takeichi, M., 1998. Regional speciﬁcation of muscle progenitors
in Drosophila: the role of themsh homeobox gene. Development 125, 215–223.
Nowak, S.J., Nahirney, P.C., Hadjantonakis, A.-K., Baylies, M.K., 2009. Nap1-
mediated actin remodeling is essential for mammalian myoblast fusion. J.
Cell Sci. 122, 3282–3293.
O¨nel, S., Bolke, L., Kla¨mbt, C., 2004. The Drosophila ARF6-GEF Schizo controls
commissure formation by regulating Slit. Development 131, 2587–2594.
O¨nel, S.F., Renkawitz-Pohl, R., 2009. FuRMAS: Triggering Myoblast Fusion in
Drosophila. Dev. Dyn. 238, 1513–1525.
O¨nel, S.-F., Dottermusch, C., Sickmann, A., Buttgereit, D., Renkawitz-Pohl, R., 2011.
Role of the actin cytoskeleton within FuRMAS during Drosophila myoblast
fusion and ﬁrst functionally conserved factors in vertebrates. In: Larsson, I.
(Ed.), Cell Fusions: Regulation and Control. Springer.
Oren-Suissa, M., Podbilewicz, B., 2007. Cell fusion during development. Trends Cell
Biol. 17, 537–546.
Oren-Suissa, M., Podbilewicz, B., 2010. Evolution of programmed cell fusion:
Common mechanisms and distinct functions. Dev. Dyn. 239, 1515–1528.Pajcini, K.V., Pomerantz, J.H., Alkan, O., Doyonnas, R., Blau, H.M., 2008. Myoblasts
and macrophages share molecular components that contribute to cell-cell
fusion. J. Cell Biol. 180, 1005–1019.
Pavlath, G.K., 2010. Spatial and functional restriction of regulatory molecules
during mammalian myoblast fusion. Exp. Cell Res. 316, 3067–3072.
Pepperkok, R., Whitney, J.A., Gomez, M., Kreis, T.E., 2000. COPI vesicles accumulat-
ing in the presence of a GTP restricted arf1 mutant are depleted of anterograde
and retrograde cargo. J. Cell Sci. 113, 135–144.
Plaza, S., Prince, F., Adachi, Y., Punzo, C., Cribbs, D.L., Gehring, W.J., 2008. Cross-
Regulatory Protein–Protein Interactions between Hox and Pax Transcription
Factors. Proceedings of the National Academy of Sciences of the United States
of America 105, 13439–13444.
Prakash, S., Caldwell, J.C., Eberl, D.F., Clandinin, T.R., 2005. Drosophila N-cadherin
mediates an attractive interaction between photoreceptor axons and their
targets. Nat. Neurosci. 8, 443–450.
Ranganayakulu, G., Schulz, R.A., Olson, E.N., 1996. Wingless signaling induces
Nautilus expression in the ventral mesoderm of the Drosophila embryo. Dev.
Biol. 176, 143–148.
Richardson, B.E., Beckett, K., Nowak, S.J., Baylies, M.K., 2007. SCAR/WAVE and
Arp2/3 are crucial for cytoskeletal remodeling at the site of myoblast fusion.
Development 134, 4357–4367.
Rochlin, K., Yu, S., Roy, S., Baylies, M.K., 2010. Myoblast fusion: When it takes more
to make one. Dev. Biol. 341, 66–83.
Ruiz-Gomez, M., Romani, S., Hartmann, C., Ja¨ckle, H., Bate, M., 1997. Speciﬁc
muscle identities are regulated by Kruppel during Drosophila embryogenesis.
Development 124, 3407–3414.
Ruiz-Gomez, M., Coutts, N., Price, A., Taylor, M.V., Bate, M., 2000. Drosophila
dumbfounded: A myoblast attractant essential for fusion. Cell 102, 189–198.
Schweitzer, J.K., Sedgwick, A.E., D’Souza-Schorey, C., 2011. ARF6-mediated endo-
cytic recycling impacts cell movement, cell division and lipid homeostasis.
Semin. Cell Dev. Biol. 22, 39–47.
Scha¨fer, G., Weber, S., Holz, A., Bogdan, S., Schumacher, S., Mu¨ller, A., Renkawitz-
Pohl, R., O¨nel, S.F., 2007. The Wiskott–Aldrich syndrome protein (WASP) is
essential for myoblast fusion in Drosophila. Dev. Biol. 304, 664–674.
Sens, K.L., Zhang, S.L., Jin, P., Duan, R., Zhang, G.F., Luo, F.B., Parachini, L., Chen, E.H.,
2010. An invasive podosome-like structure promotes fusion pore formation
during myoblast fusion. J. Cell Biol. 191, 1013–1027.
Seugnet, L., Simpson, P., Haenlin, M., 1997. Requirement for dynamin during notch
signaling in Drosophila neurogenesis. Dev. Biol. 192, 585–598.
Shelton, C., Kocherlakota, K.S., Zhuang, S.F., Abmayr, S.M., 2009. The immunoglo-
bulin superfamily member Hbs functions redundantly with Sns in interactions
between founder and fusion-competent myoblasts. Development 136,
1159–1168.
Sohn, R.L., Huang, P., Kawahara, G., Mitchell, M., Guyon, J., Kalluri, R., Kunkel, L.M.,
Gussoni, E., 2009. A Role for Nephrin, a Renal Protein, in Vertebrate Skeletal
Muscle Cell Fusion. Proceedings of the National Academy of Sciences of the
United States of America 106, 9274–9279.
Srinivas, B.P., Woo, J., Leong, W.Y., Roy, S., 2007. A conserved molecular pathway
mediates myoblast fusion in insects and vertebrates. Nat. Genet. 39, 781–786.
Stru¨nkelnberg, M., Bonengel, B., Moda, L.M., Hertenstein, A., de Couet, H.G., Ramos,
R.G.P., Fischbach, K.F., 2001. Rst and its paralogue kirre act redundantly during
embryonic muscle development in Drosophila. Development 128, 4229–4239.
Stute, C., Kesper, D., Holz, A., Buttgereit, D., Renkawitz-Pohl, R., 2006. Establish-
ment of cell type speciﬁc Gal4-driver lines for the mesoderm of Drosophila.
Dros. Inf. Serv. 89, 111–115.
Vasyutina, E., Martarelli, B., Brakebusch, C., Wende, H., Birchmeier, C., 2009. The
Small G-Proteins Rac1 and Cdc42 are Essential for Myoblast Fusion in the
Mouse. Proceedings of the National Academy of Sciences of the United States
of America 106, 8935–8940.
Yonekura, S., Xu, L., Ting, C.Y., Lee, C.H., 2007. Adhesive but not signaling activity of
Drosophila N-cadherin is essential for target selection of photoreceptor
afferents. Dev. Biol. 304, 759–770.
